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Compact VLS-grating spectrograph for 3—20 nm range
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A compact spectrograph for soft X-ray range using a variable line spacing (VLS) first-order diffraction grating.
The design includes a set of innovative solutions offering smaller spectrograph dimensions for higher mobility
and increased aperture ratio. The main optical components are mounted on a single base to avoid spectrograph
optics mismatch. A commercial GSENSE2020BSI 13.3 x 13.3 mm CMOS matrix with a6.5 um pixel size and high
detective quantum efficiency in the soft X-ray range was used as a detector. The spectrograph optics contains a
focusing mirror with a double-layer reflective Cr-C coating offering an increased spectrograph aperture ratio. First-
order diffraction efficiency of the grating was measured and, together with the calculated dependence of resolution
on wavelength, indicates a sufficiently high definition of spectral imaging of a source. X-ray optical configuration
of the spectrograph, design X-ray optical properties, 3D image and photograph of the spectrograph are provided.
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Introduction

A compact high-resolution spectrograph is used to fulfil
a wide range of scientific tasks in the field of soft X-
ray (SX) and extreme ultraviolet (EUV) spectrometry both
in laboratories and at MegaScience facilities. The widest
class of tasks fulfilled using such instruments is plasma
diagnostics in terms of radiation spectrometry of plasma
produced by laser-induced and electrical breakdown [1-5].
This class of instruments may be also used at synchrotrons
for analysis of inelastic processes induced by the interaction
between X-ray radiation and a substance [6]. In this
case, for example, to explore the processes associated with
phonon excitation, energy resolution shall be in the order
of 0.01 eV, for scattering by magnons, interband transitions
and plasmons — energy resolution shall be 0.1eV, 1eV
and 10eV, respectively. In the vicinity of 100eV, the
appropriate instrument’s spectral resolution A1/4 is within
10~#—10~1. For plasma spectroscopy, where ion lines with
various degrees of ionization or ion material shall be reliably
identified, a resolution of 10~ is sufficient [7-9).

Only diffraction grating instruments have such resolu-
tion in the long-wavelength SX an EUV ranges [10-12],
however, classical configurations with a spherical Rowland
grating [13] or a plane grating [14] don’t provide a flat
dispersion field and are good only as large monochromator
spectrometers.

Spherical variable line spacing gratings, so-called VLS
gratings, offer brand new opportunities. Components of
this type are used in small instruments because focusing

properties of concave VLS gratings allow reducing the
number of optical components in a system while main-
taining a sufficiently high resolution. The first studies
addressing spectrographs of this type were published by T.
Harada [15,16]. They used a spherical VLS grating with
the central groove frequency pg = 1200mm~! and curva-
ture radius R = 5649 mm. More advanced spectrograph
configuration versions using a VLS grating are described,
for example, in [17,18]. To date, the most compact high-
resolution spectrograph with removable VLS grating has
been created by FIAN [19]. The authors have achieved
a quasi-plane focal curve providing high resolution in the
order of 10°.

This study describes the optical configuration, specifi-
cations and design of the existing spectrograph developed
by the Institute of Physics of Microstructures, Russian
Academy of Sciences. This spectrograph has a number
of distinguishing features compared with one of the most
advanced representatives of this class of instruments [19]:

— single platform encompassing all X-ray optical com-
ponents and small dimensions allowing integration into an
instrument, for example, a reflectometer described in [14],
for analysis of a radiation spectrum reflected from a sample;

— focusing inlet mirror offering a multifold increase in
the collecting aperture of the spectrograph, whilst the
radiation focusing condition at the spectrograph entrance
slit is maintained in a wide range of distances to the source
by varying the angle of radiation incidence on the mirror;

— for stand-alone operation, the spectrograph is mounted
in a single vacuum chamber with a 100 mm bore flange for
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Figure 1. Optical configuration of the spectrograph: D — the diaphragm, ¢ — a sliding angle of radiation incidence on the mirror, /,, —
a focusing mirror length, LO — a distance between the radiation source and mirror, L1 — a mirror focusing distance, S — the slit, L2 —
a the slit to diffraction grating, L3 — a distance from the grating to detector, 1 — a diffraction angle.

evacuation using a turbomolecular pump, which is critical
for heavy gas ion measurements, where absorption in gas
may have a dramatic effect on line intensity and spectrum
shape as a whole [20).

1. Optical configuration and design
specifications of the spectrograph

Schematic diagram of the spectrograph is shown in
Figure 1. Optical configuration of the instrument consists of
antiscatter diaphragm D designed to limit the dimensions of
light flux transmitted further into the instrument; spherical
focusing mirror FM that provides source imaging (or is set
to any region on an extended source) on the entrance slit:
instrument entrance slit S, whose monochromatic images
are produced in the focal plane using the diffraction grating;
spherical concave VLS diffraction grating that resolves the
incident polychromatic radiation into spectral components,
and matrix detector MD.

The instrument works in the following way.  The
focusing mirror collects light from the source on the slit.
Because of using a total external reflection mirror with
sliding geometry, the mirror reflects radiation with a short-
wavelength boundary defined by the total external reflection
angle [21], whilst, when the curvature radius is fixed in
accordance with the spherical mirror focusing condition, the
farther the source from the mirror the larger the sliding
angle, and vice versa. Focusing provides considerable
increase in the fraction of source radiation power used
for spectrum readout, which has a positive effect on the
measurement accuracy.

Then the diverging beam transmitted though the slit
strikes the diffraction grating at a central angle of 6°.
The angle in this case has been chosen according to the
planned experiment conditions for investigation of emission
characteristics of a laser plasma source being developed
for a 11.2nm lithography machine [22]. Owing to the
optical properties of the grating, a spectral image of the
source with a relatively high resolution may be produced
on flat detector MD without relative movement of optical
components during operation. Source imaging may be
provided without using a VLS grating, but a properly
selected variable line spacing has a positive effect on the
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flatness of the spectral focal curve and reduces aberration
distortions, thus increasing the instrument resolution [18].
Requirement for maintaining a constant angle of incidence
on the grating is an important feature of the VLS grating
spectrograph, however, when distance to the source LO
is changed without changing the angle of focusing mirror
FM, defocusing occurs on the slit. Thus, to maintain
the optimum focus on the slit and the constant angle of
incidence on the diffraction grating, the mirror is mounted
on a four-axis mechanical table to provide adjustment of the
angle of incidence to distance LO. It is necessary to ensure
focusing on slit S for the X-ray reflected at a new angle,
which is achieved by rotating the whole instrument about
the focusing mirror axis. For this, the spectrograph is placed
on a curved rail and connected to the test source through
a bellows. The bellows and rail are not shown in Figure 1.
Detector MD is tilted to provide the best conditions for
viewing the spectral image of the source.

The VLS grating, despite the obvious benefits, also
implies some difficulties. In particular, since the focusing
conditions may be strictly adhered to only at a single
wavelength, the focal curve may differ considerably from
the straight line defining the detector plane.

It is known that the classical approach for VLS gratings
is the expansion of groove frequency in a series of y:

p(y) = po+ p1y + p2y* + pay’, (1)

where y is the distance perpendicular to the grating grooves,
po denotes the groove frequency in the center of the grating
aperture, p; defines the spectral focal curve, p, and p3 serve
for compensation of the meridional coma aberration and
spherical aberration, respectively [18].

Then the optical path function is introduced

F=14L+10L+min(y), (2)

where [q, [, are the distances from the source to the center
of grating and from the grating to the image, respectively,
m is the diffraction order. Expanding F in a series of y and
using the Fermi principle, the following relations may be
derived for pg. .. ps:

Cos @ — cosp = mipy, (3)
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Figure 2. ¢ — distribution of groove density along the grating, » — spectral focal curve. The focal distance of 70 mm is marked by a

dashed line.
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In the given relations, r is the distance from the source
to grating, r’ is the distance to the focus, R is the grating
curvature radius, ¥ is the diffraction angle, ¢ is the sliding
angle.

pi...ps are calculated from relations (4)—(6) by defin-
ing the focusing condition for the specified wavelength 4
at the specified distance r’. Grating curvature and distance
to the diverging beam (slit) source were the optimization
variables in our case.

Thus, by optimizing the grating parameters and distances
between the entrance slit and detector, an optimum focus
at a specified wavelength may be achieved. Then, since
the spectral width of the slit (spectral slit image width) is
directly related to the resolution as

2
R.= (7)
di
ST

by calculating the spectral width of slit S (in our case — the
spectral width of a point source) in the detector plane and
linear dispersion %, instrument resolution in the specified
wavelength range may be inferred. Note that the dispersion
and spectral width of slit also depend on the detector plane

arrangement with respect to the focal curve. This parameter
was optimized considering the approximation of the spectral
width of the slit to the detector matrix pixel size (6.5um)
in as wide wavelength range as possible.

@ =6° r'=r=70mm and py = 1000 were initially
chosen primarily for considerations of high diffraction
grating efficiency in the operating wavelength range and
compact size. Optimization to 3—20nm provided the fol-
lowing grating variables: R = 712.5mm, groove frequency
corresponds to the following distribution (Figure 2,4,
relation (8)):

p(y) = 1000 + 20.2991 -y + 0.3963 - y? + 0.0079 - y°.
(8)
Such groove distributions may be achieved, for example,
through an optical holography process accomplished by
GIPO (Kazan).

Figure 2, b shows the spectral focal curve. It can be seen
that ideal focusing is achieved at two wavelengths — at 80
AA and 130A. At other wavelengths, ,,smearing” of the
spectral image of the point source is observed.

Relative arrangement of the detector plane and focal
curve in a real optical configuration is shown in Figure 3.

In Figure 3, the center of the diffraction grating is in the
origin of coordinates. The calculation implies that the total
height of the point source image within 3—20nm will be in
the order of Sop = 6.7 mm in the detector plane. This means
that the source image size fits into the matrix size that is
equal to 13.3 mm in height.

Knowing the dependence of the point source image width
on the observed radiation wavelength, and having calculated
the linear dispersion in the detector plane, the dependence
of the instrument resolution on wavelength may be derived.

R. related to the inverse linear dispersion and spectral
width of slit S through (7) is the fullest spectral character-
istic of spectrographs.

Note that the calculation of resolution using relation (7)
considers only geometrical defocusing. Final detector pixel
size equal to 6.5um is a considerable limitation of the
maximum resolution in this case. Red curve on the diagram
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Figure 4. Blue curve corresponds to the resolution calculated
considering geometrical defocusing. Red curve displays resolution
limitation related to the detector pixel size.

R(2) shown below denotes this limitation. Red curve shall
be considered to be of higher priority in the ranges where
the blue curve lies above the red one. For a calculation
of the aberration effect on the resolution of such spectral
instrument, see, for example, [23].

Dependence of the resolution on wavelength is shown in
Figure 4.

In accordance with the foregoing dependence of the res-
olution on radiation wavelength in the point source approxi-
mation, spectral resolution for radiation near 1 = 100 Awill
be approximately equal to 0.16 A when using a matrix with
the.... pixel size. 6.5 um.

R(1) throughout the wavelength range is not higher
than 400.

2. Formation of the VLS grating and
specifications of spectrograph
components

Grating with the above-mentioned distribution was
formed using a holographic technique by GIPO, Kazan.

22 Technical Physics, 2025, Vol. 70, No. 10

Grating recording geometry and main dimensions are shown
in Figure 5,a. Grooves are formed by interference of
two coherent spherical waves of point sources produced
by focusing laser radiation on small apertures A and B.
Laser wavelength is 4 = 441.6nm. The calculated groove
frequency differs slightly from the target one (Figure 5,5, ¢)
because of the specifics of the holographic grating recording
process.

Diffraction efficiency of the grating was measured on
the reflectometer based on the PCM-500 monochromator
spectrometer using a classical scheme where radiation
strikes the grating placed in the center of the test chamber at
a particular sliding angle (here — 6°). Diffracted radiation
is captured by the detector secured on the goniometer arm.
The detector moves along the fixed radius at an angle
around the grating, angle on the x axis (Figure 6) is the
detector angle with respect to the probe beam. Thus, 12°
in Figure 6 corresponds to the mirror order.

It follows from Figure 6 that the diffraction efficiency
of the initial Al-coated grating in the operating sequence
is from 4% to about 12 % within 11.4—16nm. Thus, effi-
ciency, especially far from the center of the range (1 < 6 nm
and 16—20nm) is low, in particular due to considerable
roughness that is approximately equal to 5—7nm according
to atomic force microscopy measurements. However,
we hope to considerably increase the grating efficiency
many-fold in future: first, by means of ion polishing
that dramatically reduces groove roughness [24]; second,
by deposition of high-reflection double-layer Cr/C coating,
whose reflection coefficient is much higher in this range as
that of aluminum used in the test grating.

The spectrograph configuration uses a spherically curved
30 x 30 x 10 mm fused silica wafer with curvature radius
R =712.5mm as a collecting mirror. Double-layer Cr/C
coating with demonstrated superiority in this wavelength
range compared with all other layers, including Au, was
used as reflective coating as in the diffraction grating
case [25].

To date, the mirror has been made. Actual curvature
radius was 711.3mm, which corresponds to the angle of
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Figure 5. a — grating recording geometry (source arrangement), b — comparison between the target and nearest possible groove
frequencies, ¢ — difference between the target and nearest possible groove frequencies.
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Figure 6. Diffraction efficiency of the VLS grating.

incidence of 10° with nominal distances of 500 mm between
source and mirror and of 70 mm between the mirror and
slit .  Roughness within the spatial frequency range of
0.025—-65um~! was about 1nm, RMS depth of surface
asphericity was 7nm. These parameters are indicative of
good quality of the wafer, which provides effective radiation
focusing on the slit after deposition of the reflective coating.

GSENSE2020BSI 4 MP CMOS matrix with a 6.5um
pixel size was used as the detector.  Photosensitive
zone dimensions are 13.3 x 13.3mm (2048 x 2048 pixels),
dynamic range is about 90dB. Readout noise of this
matrix is max.1.6e~. Maximum frame repetition rate is
74 frames per second. The detector has a high quantum

efficiency (> 80%) within 3—20nm (data taken from the
manufacturer web site [26]).

3. Spectrograph manufacturing

Design documentation was prepared in accordance with
the drawing in Figure 1. Figure 7 shows a 3D model of spec-
trograph without a vacuum chamber wall (Figure 7, a, b) and
top flange (Figure 7,¢).

The mirror and grating are secured on the tables with
four degrees of freedom allowing the optics to be tuned
to a particular source. This spectrograph uses a CMOS
matrix with combined cooling: Peltier cooling and Peltier
rear-side water cooling. The matrix is mounted on the
adjustable bellows assembly to provide adjustment of the
distance between the matrix and diffraction grating as well
as of the slope to the plane with respect to the zero beam,
with an X-ray beam, thus, ensuring the maximum resolution.
The chamber diameter is 400 mm, making this instrument
sufficiently compact.

To date, all spectrograph assemblies have been prepared
and the spectrograph has been assembled (Figure 8).

A series of experiments has been planned for spectral
measurements of laser plasma sources used by the Insti-
tute of Physics of Microstructures, Russian Academy of
Sciences, by means of the spectrograph.

Conclusion
The study describes a relatively compact high-numerical-

aperture high-resolution spectrograph based on a VLS
grating and matric detector. Optical component simulation

Technical Physics, 2025, Vol. 70, No. 10
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Figure 7. Spectrograph model assembly; ¢ — view when looking from the source, » — side view, ¢ — plan view: I — assumed
source position, 2 — focusing mirror secured on the table with translation stages, 3 — slit, 4 — VLS grating secured on the table with
translation stages, 5 — CMOS matrix on board, 6 — CMOS matrix cooling element, 7 — spectrograph chamber, § — bellows assembly
for liquid cooling of the matrix, 9 — location of opening for evacuation, red arrow shows X-ray direction. The following components are
not shown: bellows for joining the spectrograph to the test source, curved rail, on which the instrument is mounted, and turbomolecular

pump placed in the instrument bottom.

Figure 8. Left — photograph of the spectrograph assembly, right — plan view of the assembly model.

process, calculation of spectral characteristics and compact
spectrograph configuration for a 3—20nm range were
described in detail. The calculated spectral characteristics
of the spectrograph are a little lower than those of large

22*  Technical Physics, 2025, Vol. 70, No. 10

stationary Rowland, Czerny-Turner and Harada grating
spectrometers [13,14,18]. However, small dimensions, com-
mon spectrograph chambers encompassing all components,
collecting focusing mirror and effective handling of sources
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at different distances from the spectrograph, stand-alone
evacuation and in situ adjustment of detector’s focal plane
make this instrument much-needed for X-ray plasma and
solid-body spectroscopy.
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